To develop degradable and magnetic PLA-based melt-blown (MB) nonwoven materials for air filtration applications, poly (lactic acid) (PLA)/magnetic in a PLA mixture with the "sea-island" structure, and the addition of Fe 3 O 4 particles also made the fiber surface rough and the nonwoven web turned fluffy to some extent. The magnetic properties and filtration performance of the MB nonwovens were also investigated in detail.
Introduction
With the increasing attention to air ltration materials, meltblown (MB) nonwoven has drawn people's interest in recent years owning to its highly effective ltration performance and barrier properties.
1,2 Currently, the widely used raw materials for MB nonwovens are polypropylene (PP) and polyethylene terephthalate (PET) but the disposal and subsequent inuence on the environment are extremely serious because of their nonbiodegradable nature. Moreover, the eco-friendly bio-based polymers as an answer to the growing sustainability and environmental issues associated with conventional nonbiodegradable petroleum-based materials have received increasing interest due to their recyclable, renewable and biodegradable characteristics. 3, 4 Thus, a new strategy has emerged to develop bio-based polymer materials for MB nonwoven.
5
Among many bio-based polymers, poly (lactic acid) (PLA), one of the typical plant-derived biodegradable polymers, can be derived from renewable plant resources (mainly starch and corn or sugar). 6 Owing to its excellent biocompatibility, better thermoplastic processability and reasonably good mechanical properties compared with other bio-derived polymers, 11, 12 it shows a tremendous application and huge commercial market prospect for bers, lm materials, and packaging materials.
7-10
Several researchers have focused on the processability and service performance of PLA as a raw material for MB nonwoven; 5,13 the structure and properties of PLA chips and PLA-based blends for melt blowing nonwovens were also analyzed in our previous research. 14, 15 All these studies indicated that PLA showed an explosive application prospect in the melt blown nonwoven material.
Melt-mixing process is a rapid method to obtain composite materials; it has the advantages of high production efficiency, less pollution and simple operation. Composting PLA with functionalized inorganic nanollers by melt-mixing not only presents a simple but effective way to improve the properties of PLA matrix but also endows some added functionalities, such as impressive electrical conductivity, antimicrobial activity, and gas barrier properties, [16] [17] [18] [19] [20] [21] which open a promising development and application area of PLA. Ferroferric oxide (Fe 3 O 4 ) as one of the functional materials has been widely used in microwave absorbing materials, catalyst carriers and biomedical elds due to its superior magnetic responsiveness, low toxicity and biocompatibility. [22] [23] [24] [25] [26] melting behavior and all experiments were performed under nitrogen atmosphere. It was obviously possible to obtain the glass transition temperature (T g ), the cold crystallization temperature (T cc ), the melt temperature (T m ), the cold crystallization enthalpy (DH cc ) and the melting enthalpy (DH m ) from the second heating curves of the samples. The relative degree of crystallinity (X c ) of all the samples was calculated using the equation,
, where DH m and DH cc were the melting enthalpy and the cold crystallization enthalpy of the samples respectively, DH o was the fusion enthalpy of the completely crystalline PLA (the value taken as 93 J g À1 from literature), 31 and C was the weight fraction of PLA in the composites.
Wide-angle X-ray diffraction (XRD). The crystalline structure of PLA/Fe 3 O 4 composites was evaluated by an X-ray diffractometer (D8 DISCOVERY, Bruker AXS, Geman) using a CuKa1 (¼1.5406Å) radiation source in the diffraction angle (2q) range AG, Germany) using a 3 kV accelerating voltage. Prior to the testing, the composite specimens were brittle fractured with liquid nitrogen, and all the composites and MB nonwoven samples were sputtered with gold to provide enhanced conductivity.
Magnetic property testing. A micro-vibration sample magnetometer (VSM 7407, Lakeshore, US) was used to measure the magnetic hysteresis loops of PLA/Fe 3 O 4 MB nonwovens in the solid state at room temperature with an external 2 T magnetic eld.
Filtration performance testing. The ltration efficiency of the PLA/Fe 3 O 4 MB nonwovens was measured by an electron-laser particle spectrometer (WPS-1000xp, MSP Corp). The testing aerosol was sodium chloride (NaCl in the range of 0.3-0.5 mm) with 10 000 grains per m 3 at 5.3 cm s À1 velocity in air. The mass concentration of NaCl in the upstream volume (N u ) and the downstream volume of the air (N d ) was detected by an electron-laser particle spectrometer. The ltration efficiency (E) was calculated by
Five replicates were performed on each sample and the average values were recorded.
Result and discussion
Thermal properties of PLA/Fe 3 O 4 composites
The second heating scanning curves of PLA/Fe 3 O 4 composites were detected, as shown in Fig. 2a . Meanwhile, the glass transition temperature (T g ), cold crystallization temperature (T cc ), melt temperature (T m ) and relative crystallinity degree (X c ) of the samples determined from the DSC curves are summarized in Table 1 . As seen from Table 1 , T g of pure PLA was about 61.5 C, and T g of all its composites were approximately 61 C,
suggesting that the addition of Fe 3 O 4 had no signicant change on the T g of PLA. During the process of continuous heating, all the samples showed an exothermic peak corresponding to the cold crystallization process, which was caused by the mobility due to the rearrangement of PLA macromolecules. The relationship between T cc and the content of Fe 3 O 4 is plotted in Fig. 2b . Evidently, T cc of the composites shied to a higher temperature compared to neat PLA as the Fe 3 O 4 content increased, which indicated that the Fe 3 O 4 particles played an obvious hindrance for cold crystallization process of PLA.
Moreover, the crystallinity degree of the composites decreased with the addition of Fe 3 O 4 . There were two aspects that might be taken into account to explain this phenomenon. On one side, Fe 3 O 4 particles may disperse into the macromolecular chains, possibly disrupting the regularity of the PLA chain structure and hampering the crystallization process. On the other side, the concentration of Fe 3 O 4 particles could act as blocking sites to hinder the growth of PLA crystallites through strengthening the molecular chain rigidity and decreasing the mobility, thus also resulting in a stronger impediment effect on the crystallization process. [32] [33] [34] All the samples had two distinct melting peaks; the mechanisms of dual (or multiple) lamellae population or crystal structure and melt-recrystallization could be used to explain the melting behavior of PLA. 35 The dual (or multiple) lamellae population or crystal structure mechanism considered the multiple melting with the different morphologies or crystal structures formed during the continue heating process, which may lead to the appearance of multiple melting peaks. In addition, the melt-recrystallization explanation suggests that the two separated peaks in the curves can be attributed to the melting of original crystals and the crystals re-formed through the melt-recrystallization process, and the crystallization of PLA at higher melting peak temperature were more perfect. Although the T m of all the composites increased about 2 C compared to neat PLA to some extent, the overall change was not notable and the T m of all the samples were 164 .
Effect of Fe 3 O 4 on the crystal structure
The XRD curves of Fe 3 O 4 and PLA/Fe 3 O 4 composites are illustrated in Fig. 3 . Some research has been reported that the O {b(2q) Â cos q}, where b(2q) was the full width at half-maximum (FWHM), K was a constant taken as the normal value of 0.9, and q was the Bragg angle. 37 Obviously, the diffraction peak intensity of PLA in the composites did not increase with the increase in the content of Fe 3 O 4 ; in contrast, all of them became smaller and wider. The reason may be that the addition of Fe 3 O 4 hindered the arrangement of PLA molecular order and inhibited the formation of some PLA crystals, which was consistent with the result of DSC, but the crystalline structure of PLA had no change.
Effect of Fe 3 O 4 on the thermal stability and dynamic rheological property
The TGA curves of PLA/Fe 3 O 4 composites are plotted in Fig. 4 . The decomposition temperature at 5 wt% and 50% weight loss (recorded as T 0.05 and T 0.50 , respectively), the maximum decomposition temperature (T max ) and the remnant mass (the content of Fe 3 O 4 can be calculated from the remnant mass) at the end of the curves at 600 C are listed in Table 2 . The weight loss curves of all the samples exhibited one simple thermal decomposition step within the temperature range of 280-390 C. In fact, it was obviously observed that the temperature at 5 wt% weight loss of the composites, which can be used to evaluate the effect of Fe 3 O 4 particles on the thermal stability,
shied downwards compared to neat PLA. This revealed that the thermal stability became worse with loading Fe 3 O 4 . It was possibly related to the adsorbed and absorbed water on the particles' surface; the active sites on their surface also could act as depolymerisation catalysts to accelerate the degradation of PLA. 38 All these factors may have caused the decrease in the molecular weight and promoted the degradation of PLA, which would reduce the viscosity of material under processing during a long time effect of heat and oxygen to some extent, it can be conrmed by the dynamic rheological curves shown in Fig. 5 . It can be seen that all the samples demonstrated rather similar rheological properties, which exhibited non-newtonian shear thinning behaviors. However, the complex viscosity of all the composites was lower than that of pure PLA, and the phenomenon was more obvious with the addition of Fig. 6B . In fact, during the process, partly agglomerated particles could be effectively separated if they withstood a strong shear force during the mixture and polymer processing through the screw, 32 which could improve the dispersion of particles in the PLA phase to some extent. Hence, it can be seen that the particles were distributed homogeneously within the PLA matrix in the form of "seaisland" structure. Moreover, with the content of llers increasing, the "sea-island" structure between Fe 3 O 4 particles and PLA was clear, which showed the poor adhesion ability 
While the ber of pure PLA MB nonwoven prepared by meltblowing processing using the PLA extrusion strip as the master batch was relatively uniform with a mean diameter of 0.6-1.5 mm, as shown in Fig. 6B(e) , the ber surfaces were sooth and the melt-blown web was dense. However, the ber diameter of MB nonwovens became non-uniform and the web turned uffy on loading Fe 3 O 4 particles. Some Fe 3 O 4 particles with the small size wrapped in the bers during the melt blowing process; on the other hand, the larger particles were exposed on the surface of the bers, which made the ber surface become rough. which could result in the testing particles getting impacted and captured more easily by the combined effects of sieving, diffusion, inertia and interception. 40 Moreover, the addition of Fe 3 O 4 particles also affected the electrostatic and magnetic adsorption on some charged particles in air, which can also improve the ltration efficiency of the MB nonwovens.
Conclusion
In this study, PLA/Fe 3 O 4 composites with different contents of magnetic Fe 3 O 4 particles were prepared by melt-mixing process using a twin-screw extruder. Then, the MB nonwovens were obtained by melt blowing. Some measurements were conducted to evaluate the effect of magnetite on the composites and meltblown materials in detail. The DSC results showed that Fe 3 O 4 particles had an inhibition for the cold crystallization process of PLA, but the crystalline structure of PLA was unchanged. Though TGA and dynamic rheological measurements indicated the introduction of Fe 3 O 4 reduced the thermal stability of the PLA, the decomposition temperature of the composites decreased as the content of Fe 3 O 4 increases, it still could be satised with the temperature window required for meltblowing process. According to the SEM observation, the Fe 3 O 4 particles were uniformly dispersed in the PLA mixture in the form of the "sea-island" structure, and the particles also made the ber surface become rough and the nonwoven web turned uffy to some extent. Magnetic property and ltration performance testing on the MB nonwovens showed that the Fe 3 O 4 particles not only endowed the PLA/Fe 3 O 4 MB nonwovens with certain magnetic response aer the melt-blending and meltblowing processing a but also improved the ltration efficiency of PLA nonwovens, which showed a potential usage in the eld of lter materials. This provided a method to develop functional PLA based composites, which can be applied in MB nonwoven materials for air ltration application. However, to obtain the PLA/Fe 3 O 4 MB nonwovens with excellent performance, there were still some factors to be considered in the next works, such as the dispersion of Fe 3 O 4 , the compatibility between PLA matrix and Fe 3 O 4 particles, and the different meltblowing process condition.
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